Intrinsically disordered proteins form transient, fluctuating structures that are difficult to observe directly. We used optical tweezers to apply force to single α-synuclein molecules and measure their extension, characterizing the resulting conformational transitions. Force-extension curves revealed rapid fluctuations at low force, arising from the folding of two different classes of structure that were only marginally stable. The energy landscape for these transitions was characterized via the force-dependent kinetics derived from correlation analysis of the extension trajectories. The barriers were small, only a few k B T, but the diffusion was slow, revealing a landscape that is flat but rough.
Most proteins form well-defined, thermodynamically stable structures. Because of the deep connection between structure and function, the elucidation of structures from a wide range of proteins represents one of the signature achievements of biophysical science. It has become clear, however, that a significant number of proteins lack any stable structure, being instead intrinsically disordered [1, 2] . Such disorder may allow a single protein to play diverse roles [3, 4] by forming distinct structures with different functions triggered by specific conditions (e.g., ligand binding); it may also provide other advantages, such as increasing the rate of molecular association owing to a greater capture radius than for folded proteins [5] . Indeed, intrinsically disordered proteins (IDPs) carry out a wide range of important functions, from cell-cycle control to transcriptional and translational regulation [6] . On the other hand, conformational disorder also seems to heighten a protein's susceptibility to misfolding and aggregation, and many IDPs are involved in aggregation-related diseases, including Aβ and tau (linked to Alzheimer's disease) as well as α-synuclein (linked to Parkinson's disease) [7] .
Traditional approaches to structure-function studies have limited utility for IDPs. Structures formed in the presence of ligands or other stabilizing conditions (e.g., membrane or micelle binding, protein-protein interactions) can sometimes be solved by traditional ensemble methods [8, 9] , but the transient structures formed under disordered conditions are difficult to discern. Novel probes of structure and dynamics in IDPs are thus of great interest. Singlemolecule (SM) approaches offer powerful advantages for characterizing the conformations of IDPs, since they can monitor the dynamic, transient structures formed by disordered proteins. Notably, SM Förster resonant energy transfer-in which resonant energy transfer between dye molecules is used to monitor changes in the structure-has been applied to observe conformational fluctuations in IDPs such as α-synuclein [9] [10] [11] [12] . These studies have identified the presence of partially folded intermediates and probed their modulation by conditions such as different solution environments (including the presence of surfactants [9] [10] [11] or changes in pH [12] ).
Here we describe an alternate approach, using SM force spectroscopy-in which the end-to-end molecular extension is measured as the conformation changes in response to an applied force-to characterize structural fluctuations in single molecules of human α-synuclein. Found primarily at presynaptic terminals in the brain, α-synuclein is an intrinsically disordered protein in vitro [13] , but interacts with lipids to form various helical structures [14, 15] , and can aggregate into β-sheeted amyloid fibrils [16] . Force spectroscopy studies using atomic force microscopes (AFMs) found that α-synuclein can sometimes form various mechanically stable structures in monomers [17, 18] and dimers [19] . However, the stiff force probes used in these measurements lacked the force resolution needed to observe structures having only marginal stability -the kind of structures that would be expected to be prevalent among the conformational fluctuations of IDPs. Optical tweezers, which have much lower stiffness and hence higher force resolution [20] , are more suitable for probing such structures. Optical tweezers have been used to study transient mechanically stable structures formed by α-synuclein [21] , but they have not yet been applied to characterize low-energy fluctuations in IDPs.
To probe structural fluctuations in α-synuclein, single protein molecules were attached covalently to doublestranded DNA handles as described previously [22] . The handles were attached in turn to micron-sized polystyrene beads held in a dual-beam, high-resolution optical trap [ Fig. 1(a) , inset] [23] . The protein constructs consisted of either a single α-synuclein monomer, or tandem repeats (both dimeric and tetrameric) of α-synuclein linked end-to-end (Fig. S1 of the Supplemental Material [24] ), similar to those used in other force spectroscopy assays [31] and prepared as described previously [21] . The force applied to the molecule was ramped up and down by moving the traps apart or together at a constant speed [24] ; plotting force against molecular extension generated a series of forceextension curves (FECs).
FECs occasionally displayed discrete "rips," in which the extension increased abruptly concomitant with a sudden decrease in the force [ Figs. 1(a)-(c) , black]. Such behavior, characteristic of the cooperative unfolding of mechanically stable structures, is qualitatively similar to that observed previously in AFM measurements [17] [18] [19] . It reflects the formation, via transient conformational fluctuations, of metastable structures with sufficiently large energy barriers to withstand high unfolding forces during rapid force ramps, as shown previously [21] . These FECs were well fit on each side of the rip by a polymer elasticity model consisting of two extensible wormlike chains (WLCs) in series [Eq. (S1) [24] ], one for the DNA handles and the other for the unfolded protein [21, 22] . Here, we are interested instead in the majority of FECs that showed no discrete rips, but rather a monotonic rise in force with extension [ Figs. 1(a)-1(c), cyan] .
Interestingly, the FECs without discrete unfolding rips did not fit well to a simple WLC model, as would be expected for a noninteracting (unfolded) polymer. [22, 32, 33] , nor were they observed in control measurements of the DNA handles alone ( Fig. S2 [24] ), indicating that they are a property specifically of α-synuclein. Because the extension at a given force within the shoulder feature is lower than would be expected in a WLC, attractive interactions must be forming as the force is lowered, making the protein more compact than expected, even though no cooperative unfolding transitions could be discerned directly. The same characteristic shape was observed for refolding FECs as for unfolding FECs (Fig. S3 , black), indicating reversible (i.e., equilibrium) behavior.
Motivated by qualitatively similar shoulderlike features seen in FECs of the ultrafast folding protein villin [34] and of mRNA transcripts that could form an ensemble of small, fast-folding hairpins [35] , we interpreted the shoulder features in terms of rapid, quasiequilibrium unfolding or refolding of structures that are only marginally stable. In this picture, the fact that deviations from WLC behavior occur only at low force results from the marginal stability of the structures. In turn, the reversibility of the FECs and apparent lack of cooperativity both result from the fast kinetics. In particular, whereas the sharp, sawtoothlike rip patterns commonly seen in force spectroscopy measurements arise from folding and unfolding rates that are slow compared to the FEC step dwell time (1-5 ms), rates that are fast compared to the dwell times result in a quasiequilibrium average over multiple transitions. Such averaging will produce a FEC that appears to move smoothly, as the force is increased, between the WLC curve expected for the folded state and that expected for the unfolded state, without any detectable rips [34] . In this case, the shoulder in the FEC will have a shape defined by the forcedependent probability that the structure is unfolded, P u ðFÞ.
To test this picture quantitatively, we constructed a minimal model for the protein, assuming that it can form some number of independent structures via two-state transitions in rapid equilibrium [24] . The extension as a function of force was then taken as the sum of the extension of the handle, x H ðFÞ [obtained by inverting Eq. (S1) [24] for the DNA], the extension of the fully unfolded part of the polypeptide chain x PU ðFÞ, and the sum of the extensions of the various protein structures that are unfolding concurrently in rapid equilibrium,
Here, n is the number of different types of transitions having distinct unfolding properties (each assumed to act as a two-state system). The model allows for the possibility that several structures might share similar unfolding properties, with the parameter N i denoting the number of instances of each type of transition (note that this means the model cannot distinguish between distinct structures that have similar unfolding properties). If the structures involve only intra-monomer interactions, N i should scale as the number of monomers in the protein construct. For two-state unfolding in equilibrium, P u ðFÞ ¼ ½1 þ expfβðF 1=2 − FÞΔxðFÞg −1 , where F 1=2 is the force at which the structure has 50% probability of being unfolded and ΔxðFÞ is the extension change upon unfolding at force F [from which the contour length change upon unfolding ΔL c can be found by inverting Eq. (S1) [24] ] [36] . Each type of transition in the model is thus characterized by unique F 1=2 and ΔL c values.
To determine the variant of the model that best explained the observed shoulder features, the FECs for each molecule were averaged [as in Figs. 1(d)-1(f) , cyan] and fit to Eq. (1), then a series of statistical tests were used to judge whether the model variant was adequate to fit the data [24] . Multiple model variants were tested in this way [24] ; the simplest one able to fit all the data had n 4 pN (denoted type 1) , the other, ΔL c ∼ 8 nm and F 1=2 ∼ 7 pN (denoted type 2). N 1 and N 2 were twice as large for the tetramer as for the dimer, as would be expected from the scaling of the protein lengths, with the fit values indicating two transitions of each type per monomer. The shoulder feature for the monomer was often too small to provide a reliable fit; however, the data were fully consistent with the model obtained from the fits to the dimers and tetramers (Fig. S5  [24] ). We note that more complex model variants with additional fitting parameters showed evidence of overfitting [24] , confirming that we found the minimal model for fitting the data. The fit results are listed in Table I .
To confirm that the shoulder features involved rapid structural transitions, as assumed in the model, we measured FECs for the tetramer without averaging the data at each step and investigated the kinetics of the extension fluctuations at different points in the curves. We then calculated the autocorrelation of the extension trajectories at different values of the average force (Fig. 2, triangles ) [24] . For reference, we repeated these calculations for FECs measured using DNA handles alone, without any protein present (Fig. 2, circles) . At all force values, the autocorrelation of the DNA handle extension showed a single- 8 pN) , where the shoulder feature is present in FEC data, the extension autocorrelation exhibits a single-exponential decay for the handle only (circles), but a doubleexponential decay for the protein construct (triangles), indicating the presence of an additional mode corresponding to structural transitions in the protein. 1). Fit parameters are the same for both dimer and tetramer, but there are twice as many transitions in the latter. Uncertainties represent standard errors. exponential decay, with a time constant τ near 50 μs as expected for the handle and bead dynamics, which determine the time resolution of our trap [23, 37] . At forces well above the F 1=2 fitting values, where no structural transitions should occur, the autocorrelation for handles plus protein was indeed indistinguishable from that for handles alone [ Fig. 2(a) ]. In the range 2-8 pN, however, the autocorrelation for the extension of the handles plus protein revealed an additional component in the exponential decay, which had a force-dependent time constant [ Fig. 2(b) , triangles]. This additional time constant was on the order of ∼200-600 μs, slower than the time resolution of the instrument but faster than the step dwell time, consistent with the model described above. The correlation time constant arising from a structural transition, τ, can be related to the microscopic rates for folding (k f ) and unfolding (k u ) by τðFÞ ¼ ½k f ðFÞ þ k u ðFÞ −1 , where the microscopic rates are in turn related to the occupancies of the unfolded (P u ) and folded (P f ) states by P f =P u ¼ k f =k u . We calculated P u and P f from the FEC fits (Table I ), finding that type 1 transitions dominated the occupancies in the range 1-4 pN (Fig. S6 , gray [24] ), whereas type 2 transitions dominated in the range 6-8 pN (Fig. S6, black [24] ). The microscopic rates for the transitions were then found from τðFÞ as above, using the appropriate force ranges for type 1 [ Fig. 3(a) ] and type 2 [ Fig. 3(b) ] transitions. Notably, the force dependence of the rates was well fit in each case by the landscape model of Dudko et al. [38] , which describes transition kinetics in terms of the underlying energy landscape governing the conformational dynamics. Fitting the microscopic rates to Eq. (S3) [Figs. 3(a),(b) , solid lines], we found the distance to the energy barrier for the transition, Δx ‡ , the barrier height, ΔG ‡ , and the transition rate at zero force, k 0 (Table SI [ 24] ). As a check on the fit results, we compared the free-energy changes found from the FEC fitting for each type of transition to the values implied by the ratio of the folding and unfolding rates at zero force, as well as to the differences between the barrier heights for folding and unfolding found from the landscape analysis. In each case, good agreement was found (Table SII [ 24] ), indicating that all the kinetic and equilibrium fits are consistent with one another. We also validated the assumption that each of the transitions is two state, by showing that the sum of the distances to the barrier from the folded and unfolded states is equal in each case to the total extension change upon unfolding found from the FEC fits (Table SII [ 24] ).
What might these transitions represent structurally? Although α-synuclein is largely disordered, structural and computational studies have found that it forms a condensed state, with long-range interactions between the negatively charged C-terminal region and both the negatively charged N-terminal region and the hydrophobic central NAC region, which have been postulated to inhibit aggregation in the native state [39, 40] . Evidence was also found for interactions between the two halves of the N-terminal region, and a hydrophobic cluster at the C terminus [39, 40] . Although we cannot directly identify the structures that form in our measurements, our observations are certainly consistent with the picture of a collapsed, molten-globule-like state held together by long-range contacts. From the ΔL c values for the transitions, roughly 120 residues are sequestered within each monomer by the marginally stable structures, similar to the distance between the longest-range contacts found previously [39, 40] , and the low unfolding forces are what would be expected from weak long-range interactions [39] [40] [41] . Further support for this picture arises from the landscape analysis, which shows that the structures are mechanically compliant, having barriers that are located closer to the unfolded state than the folded state (Table SI [24] ) and hence quite sensitive to force. Such compliant transitions are a hallmark of moltenglobule states, owing to the lack of tertiary contacts imparting mechanical rigidity [42] .
Considering the energy landscape for α-synuclein in more detail, we note that, to our knowledge, the landscape profile for conformational fluctuations in an IDP has never before been quantified. The structures formed here are only marginally more stable than the unfolded state, by 2-3k B T, in contrast to typical stabilities of ∼10-20 k B T for natively structured proteins [23, 31] . The barriers are also very low, only ∼3-5 k B T for unfolding and ∼0.5-1 k B T for folding, accounting for the rapidity of the fluctuations. By investigating the coefficient for conformational diffusion over the barrier, D, wealso foundthatthe landscapeis quiterough.Dis the key parameter setting the time scale for microscopic motions of the protein (via the prefactor in Kramers' theory [43] ). It can be deduced from the rates at zero force and the parameters describing the landscape profile [23, 37] ,
D was calculated both for folding and unfolding, for each of the two transition types; in each case, the values found for folding and unfolding agreed. Similar values of D were found for both transition types, D ∼ 5 × 10 −14AE0.7 m 2 =s. This result is slower than the intrachain diffusion found for α-synuclein from the chain reconfiguration time in fluorescence-quenching measurements, ∼10 −11 m 2 =s [44] , as well as the diffusion coefficient found similarly in many other unfolded proteins and peptides [45] [46] [47] . It is also slower than D for crossing the native folding barrier in the protein PrP, 1 × 10 −12AE0.4 m 2 =s [23] , one of the few other measurements of D across a barrier. Assuming that the slower diffusion we observe arises primarily from roughness in the landscape at the barriers for formation of the marginally stable structures, a random roughness distribution would imply fluctuations in the landscape of ∼2-3 k B T [48] . Such a roughness is quite large, comparable to the largest values reported for natively structured proteins [49] . It is also similar to the energy differences between the states as well as the height of the barriers. The picture that emerges is thus one of a landscape that is quite flat but rugged [ Fig. 3 (c)], in contrast to the strongly funneled shape typical of landscapes for natively structured proteins [50, 51] , directly confirming the qualitative landscape model that has been generally assumed for IDPs [8] .
In summary, we have shown that the rapid but marginally stable conformational fluctuations that are particularly relevant for IDPs can be observed and characterized using force spectroscopy. From the kinetics of these structural fluctuations, the energy landscape profile was quantified, revealing the flat but rugged landscape expected to be a hallmark of IDPs. Extending this approach to study α-synuclein under conditions in which it is more prone to aggregate, as well as to study other aggregation-prone IDPs, should provide quantitative insight into the features of the energy landscape that relate to the aggregation process.
